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 Contact stiffness increases with brake pressure, which leads to an increase of the 
mode frequency of the brake disc. 
 As the disc mode order increases, the contact stiffness first increases and then almost 
stays invariant, which makes a mode frequency change correspondingly. 
 The dependence of contact stiffness on brake pressure and disc mode order could be 
one of the possible reasons why the current research on prediction of brake noise and 
vibration is inaccurate and unsatisfactory.  
 
Abstract. The contact stiffness between brake disc and brake pads is a vital 
parameter that affects brake NVH performance through increasing the system 
stiffness and modal frequencies. In order to establish accurate contact behavior 
between brake parts for further research on precise modeling of disc brakes, a 
method of identifying the normal contact stiffness of a floating caliper disc brake 
was developed in this study based on modal frequency testing and finite element 
analysis. The results showed that contact stiffness increases with brake pressure 
due to compression of the friction material and increases with the disc mode order 
at lower-order modes but almost stays invariant at higher-order ones due to contact 
area variation.  
Keywords: brake pressure; disc brake; mode frequency; mode order; normal contact 
stiffness; parameter identification. 
1 Introduction 
Disc brakes are utilized widely in traffic vehicles and industrial machines because 
of the advantages of their good heat dissipation, light weight and easy 
maintenance. However, disc brakes sometimes produce an annoying noise or 
vibration while they are working. This noise or vibration may have a negative 
effect on perceived product quality and the surrounding environment. Because 
there are many sources of uncertainty in the brake system, investigating the 
generation mechanism of brake instability is a challenge, as is optimizing the 
brake system in the design stage [1-3]. Considerable research has shown that 
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contact stiffness between disc and pads plays a significant role in brake dynamic 
behavior [4-7]. Therefore, establishing an accurate description of the contact 
stiffness between brake components is one of the remaining important aspects in 
the study of brake noise and vibration [8]. 
Although theoretical contact stiffness can be estimated by means of the Herz 
elastic contact theory [9] and the Greenwood-Williamson (G-W) statistical model 
[10,11], it is difficult to obtain an accurate value of contact stiffness of a real 
brake pair due to the uneven and time-varying contact interface. Much 
experimental research has been conducted on the identification of the contact 
stiffness of disc brakes. Júnior placed a heavy mass on a brake pad that was 
resting on a rigid surface and then calculated the contact stiffness between the 
brake pad and the rigid surface based on the measured natural frequency of the 
system [12,13]. Sherif identified the contact stiffness of a pad-on-disc system 
according to the frequency of friction-induced squeal [14]. Giannini estimated the 
contact stiffness from the measure of the mode split of a constrained disc [15]. 
Oura found that dynamic contact stiffness is independent of loading frequency 
but increases with load magnitude [16]. Goto, et al. measured the modal 
frequencies of a real disc brake under certain pressures and then identified the 
contact stiffness using finite element analysis (FEA). They concluded that contact 
stiffness is related to brake pressure and disc mode order. However, the authors 
only described the experimental process briefly and did not present the identified 
values of the contact stiffness [17]. It should be noted that the identified contact 
stiffness of a simple test apparatus may not be equal to the value of a real disc 
brake due to their different structures.  
In order to develop a more accurate finite element model of a real disc brake 
assembly, a method of identifying the contact stiffness between disc and pads 
was investigated in this study. First, the relationship between the contact stiffness 
and the mode frequency of a constrained brake disc was theoretically analyzed 
with a two degree-of-freedom (2-DOF) model. Then, the contact stiffness of a 
floating caliper disc brake was identified by means of a frequency response 
function (FRF) and FEA. Finally, the effects of brake pressure and disc mode 
order on the contact stiffness was evaluated. 
2 Theory of Identifying Contact Stiffness 
Consider the floating caliper disc brake shown in Figure 1. When the brake pedal 
is pressed, brake fluid forces the piston and the right brake pad to move into 
contact with the disc. Then, the floating caliper moves to the right and also pushes 
the left brake pad against the disc through the caliper fingers. As the brake line 
pressure increases, the loads on both pads increase correspondingly to produce a 
normal force and a friction force on both sides of the rotating disc. The ability of 
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the contact surfaces of the brake disc and pads to resist compressive deformation 
due to the action of normal force is called normal contact stiffness (or contact 
stiffness for short in this paper).  
To analyze the contact behavior of the disc brake while considering the central 
role of spring and mass on the system dynamics, an undamped 2-DOF lumped-
parameter model was established, as shown in Figure 2, where md and mp 
represent the masses of the disc and the pads respectively. kd and kp are the 
stiffnesses of the disc and the individual pads. F is the equivalent load applied to 
















Disc Pad  
Figure 2 A 2-DOF model of a disc brake. 
Considering the actual uniform contact between the brake disc and the pads, an 
equivalent contact stiffness kc was used to represent the overall contact behavior. 
The dynamic equations of this 2-DOF model were deduced as follows in Eq. (1a) 
and (1b) [18]. 
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The eigen equation is written as in Eq. (2) 
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where k11 = kd + kc, k12 = k21 = kc, k22 = kp + kc. ωn is the system’s eigen frequency. 
The eigen frequencies of this system are solved as 
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Because the Young modulus of a disc is usually much greater than that of a brake 
lining, the disc stiffness kd is much greater than the contact stiffness kc and the 
disc stiffness kp, i.e. 
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Eq. (5) shows that both eigen frequencies (ωn1, ωn2) of this system increase with 
the contact stiffness (kc). In other words, the contact stiffness may be identified 
according to the variation of the natural frequency of the brake disc under 
different contact conditions. 
3 Identification of the Contact Stiffness of a Floating Caliper 
Disc Brake 
A real brake disc has a complex configuration while only a small part of its 
surface is in contact with the brake pads. If the value of contact stiffness is 
calculated directly from the theoretical equation in Eq. (5), a large identification 
2
12k
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error may be generated due to model simplification. In this paper, an alternative 
method by using FRF and FEA is proposed to identify the contact stiffness for 
the floating caliper disc brake shown in Figure 3. The flow diagram of the 
identification procedure is illustrated in Figure 4 [19-21]. 
 
Figure 3 Photograph of the disc brake test rig. 
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Figure 4 Flow chart for the identification of contact stiffness. 
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To ensure the finite element (FE) model accuracy of the disc brake, the FRF of 
the brake disc as well as that of the pad under free-free boundary condition was 
first measured by using hammer impact testing. The free-free FE models of both 
components were updated by setting the material property parameters to agree 
with the measured results. The baseline material properties of the brake disc and 
the pad are listed in Table 1.  
Table 1 Material properties of the brake disc and pads. 
Component Material  Young’s modulus (Gpa) Poisson ratio Density (kg/m3) 
Disc HT150 135 0.25 7250 
Back plate Steel 206 0.26 7800 
Lining Semi-metal 10 0.35 2600 
Then, the brake disc was fixed to the wheel hub through bolts on the brake test 
rig. The FRF of the constrained brake disc was measured by using the same 
hammer impact test as mentioned above. In the process of establishing the finite 
element model of the constrained brake disc, the bolt holes in the disc hat were 
set to be fully constrained in the x, y and z directions. Figures 5 and 6 show the 
simulated modal characteristics of the free-free pad and the bolted disc without 
brake load applied in the frequency range from 1 to 10 kHz, where (0, i) 
represents the i-th order out-of-plane mode of the constrained disc. The simulated 
results were compared with the measured modal frequencies of the physical brake 
components in Table 2. The good agreement between the analyzed modal 
frequencies and the measured data showed the validity of the FE models of the 
brake disc and the pad.  
 
  
(a) (0, 2) (b) (0, 3) (c) (0, 4) 
   
(d) (0, 5) (e) (0, 6) (f) (0, 7) 
Figure 5 Mode shapes of the bolted brake disc without brake load applied (mode 
number in brackets). 
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(a) 1st order (b) 2nd order (c) 3rd order 
Figure 6 Free-free mode shapes of the brake pad. 
Table 2 Experimental and analytical mode frequencies of the disc and the pad. 
Components Mode order Exp. (Hz) FEA (Hz) Error (%) 
Brake disc 
(0, 2) 1227 1264 3.02 
(0, 3) 2217 2199 -0.81 
(0, 4) 3544 3522 -0.62 
(0, 5) 5223 5192 -0.59 
(0, 6) 7190 7149 -0.57 
(0, 7) 9393 9339 -0.57 
Brake pad 
1 2903 2898 -0.17 
2 4662 4583 -1.69 
3 6374 6675 4.72 
To reduce computation time and memory consumption, a simplified FE model of 
an assembly only composed of a disc and a pair of pads was established using the 
Abaqus software. The bolt holes in the disc were still fully constrained as 
mentioned above, and both pads were applied with certain values of brake 
pressure on their back plates. Because of the physical restriction of the bracket, 
both brake pads were only allowed to move along the axial direction and spring 
constraints in the circumferential and radial directions were applied on the back 
plates through two reference points in the FE model. The main methods of 
establishing the finite element model are shown in Figure 7. 
a     b    c    
Figure 7 Simplified finite element model of the disc brake: a) meshed model, 
b) loading and boundary conditions and c) contact interaction and spring 
constraint. 
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When defining the contact property of interfaces, Abaqus commonly adopts a 
default value for normal contact stiffness based on a penalty method. This method 
works effectively if the material stiffness parameters are of the same order of 
magnitude. To avoid ill-conditioning of the global stiffness matrix and 
convergence difficulties, the penalty scaling factor usually ranges between 0.01 
and 1. Therefore, the default contact stiffness through the penalty method is an 
approximate value and not an exact one.  
To make the FEA results of the modal characteristics of the brake disc agree with 
the FRF measurement results, iterative methodologies may be used to optimize 
the identification of contact stiffness. Figure 8 shows the editing interface of the 
contact property in Abaqus. Note that the contact stiffness in this dialogue box 
actually represents unit area contact stiffness with N/m3 as default unit. 
 
Figure 8 The definition of the contact property in Abaqus. 
According to the identification procedure described above, an accelerometer was 
attached to the disc surface of the physical brake, as shown in Figure 3. In each 
test, a FRF measurement for the brake disc was performed using hammer impact 
testing while applying a brake load. Some of the measured FRF results of the disc 
under different pressures are shown in Figure 9. It can be seen that the measured 
5th out-of-plane mode frequency of the constrained disc increased to 5532 Hz 
when the brake line pressure was set to 3 MPa, while the frequency was 5223 Hz 
when the pressure was zero. The corresponding contact stiffness of the brake 
under 3 MPa was identified as 4.73 × 1010 N/m3 through finite element modal 
analysis. 



















(4,0) (5,0) (6,0) (7,0)
 
Figure 9 Frequency responses of the disc subjected to different brake line 
pressures. 
4 Discussion of Results 
Several researches have shown that contact stiffness is closely related to material 
properties, structural geometry and surface roughness [22, 23], etc. In this study, 
it was found that contact stiffness is also influenced by brake pressure and disc 
mode order. 
4.1 Influence of Brake Line Pressure 
Based on the identified results, the relationship between contact stiffness and 
brake line pressure was established, as shown in Figure 10. The contact stiffness 
shows an overall increase with brake line pressure. Considering the stress–strain 
relationship for friction material, Júnior assumed that contact stiffness kc is 
proportional to the Young modulus E of the friction material as well as the contact 
area A between the pad and the disc while being inversely proportional to the 





     (6) 
Obviously, the brake lining is more compressed when the brake pressure on the 
pad increases, which leads to an increase of the Young modulus of the friction 
material. Figure 10 also shows that when the brake pressure is lower than 3 MPa, 
the contact stiffness increases sharply with brake pressure due to the rapid 
decrease of porosity and the great increase of the Young modulus of the brake 
lining. However, if the brake pressure is higher than 3 MPa, the Young modulus 
increases slowly so that the small porosity of the brake lining decreases a little 
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with increasing brake pressure. Thus, the contact stiffness also increases slowly 
with brake pressure. 
 
Figure 10   Contact stiffness between the brake disc and its pads versus brake line 
pressure. 
In addition, in the process of finite element modal analysis, if the value of brake 
pressure on both brake pads is changed without altering the contact stiffness, the 
numerical results show that the disc frequency of each mode stays invariant. This 
means that the variation of contact stiffness is the root cause of the modal 
frequency shift of the brake disc. 
4.2 Influence of Disc Mode Order 
Because there exists damping in the brake system when brake pressure is applied, 
the first several disc modes are difficult to excite. By comparing the FRF curves 
of the brake disc under different pressures in Figure 9, it can be seen that the disc 
modes from the 4th to the 7th order can be excited easily if the brake pressure is 
set to 1 MPa. The effect of disc mode order on contact stiffness in this condition 
is described in Figure 11. It shows that the contact stiffness between the brake 
disc and pads increases with the disc mode order when the disc is in the 4th, 5th 
and 6th order mode. However, the contact stiffness changes little from the 6th 
order mode to the 7th order mode. This may be because only a small part of the 
disc surface is actually in contact with the brake pads when the disc is in lower 
order modes and more area is in contact in higher order modes. However, when 
the disc is in much higher order modes, the actual contact area changes little with 
the disc mode order, so the contact stiffness stays almost invariant.  
Figure 11 also shows that the disc frequencies of lower order modes first decrease 
and then increase as the pressure increases. The reason is that the frequencies of 
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lower order modes are more likely affected by the added mass of the brake pads. 
For the higher modes of a brake disc, the mode frequencies are mainly influenced 
by the contact stiffness because the effect of the disc mode stiffness is greater 
than that of the added mass. 
 
Figure 11   Contact stiffness between the brake disc and its pads versus disc mode 
order. 
5 Conclusions 
In this study, a method for identifying the contact stiffness between brake disc 
and brake pads was developed by using FRF and FEA. It was found that contact 
stiffness is closely related to brake pressure and disc mode order. 
With the increase of brake pressure, the contact stiffness increases accordingly 
due to the porosity decrease of the brake lining, which leads to a mode frequency 
increase of the brake disc. As the disc mode order increases, the contact stiffness 
first increases and then stays almost invariant because of the variation of the 
contact area between the brake disc and pads, which changes the frequency of the 
same disc mode order correspondingly. 
The dependence of the contact stiffness on brake pressure and disc mode order 
could be one of the possible reasons why current research on the prediction of 
brake noise and vibration is inaccurate and unsatisfactory. Therefore, the 
proposed identification method of contact stiffness may be considered for further 
research on disc brake modeling and simulation. However, there is also a 
limitation to this identification method because of the modal frequency analysis. 





















 The Contact Stiffness between the Brake Disc and Pads 479 
cannot be excited and measured due to the existing system damping and thus the 
corresponding contact stiffness cannot be identified in such working conditions. 
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